Abstract-The problem of combining active damping with a purely passive isolation system, with hysteretic damping, to reduce possible pounding effects under near-fault ground motions is addressed. The used isolation system is a recently proposed one that is referred to as roll in cage (RNC) isolator. It has an integrated buffer mechanism to prevent excessive bearing displacements under strong seismic excitations. Therefore, possible pounding under such strong earthquakes will be within the bounds of RNC isolator to avoid adjacent structural pounding. Active control is invoked at a certain bearing displacement to reduce it before reaching its design limit, after which pounding takes place. It was found that increasing the RNC isolator's inherent hysteretic damping reduces the bearing displacement and consequently alleviates or even eliminate pounding. Moreover, the integration of active control, at smaller bearing displacements, with the RNC isolator can reduce the bearing displacement but adds more rigidity to the isolation system, which leads to less efficient isolation.
I. INTRODUCTION
Seismic isolation systems are essentially designed to preserve structural safety, prevent occupants injury and properties damage. The major concept in base isolation is to diminish the fundamental frequency of structural vibration to a value lower than the dominant energy frequencies of earthquake ground motions. However, seismically isolated structures are expected to experience large displacements relative to the ground especially under near-fault (NF) earthquakes. The NF ground motions are characterized by one or more intense long-period velocity and displacement pulses, which lead to a large isolator displacement [12] , [18] . Such large displacements are accommodated by providing a sufficient seismic gap around the isolated structure. In some cases, the width of the provided seismic gap is limited due to practical constraints. Therefore, a reasonable concern is the possibility of pounding of a seismically isolated structures with the surrounding adjacent structures during severe seismic excitations such as NF ground motion M. Ismail is an assistant professor, Structural Engineering Department, Zagazig University, 44519-Zagazig, Egypt. Post-doctoral researcher, Universitat Politècnica de Catalunya-BarcelonaTECH, EUETIB, C/ Comte d'Urgell 187 08036-Barcelona, Spain. francesc.pozo@upc.edu earthquakes.
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Compared to the extensive research work on pounding of conventional buildings and bridges, very limited research studies have been carried out for pounding of seismically isolated buildings [19] . [23] simulated the superstructure of an isolated building as a continuous shear beam in order to investigate the effects of pounding on structural response. A very high acceleration response was observed during pounding with the surrounding retaining wall at the isolation level. Similar work was done by [16] and it was found that the base shear forces increase with the stiffness of the isolated structure or the surrounding retaining wall. Pounding of seismically isolated structures considering different types of isolation systems was analytically investigated by [17] . They concluded that pounding effects are more significant if the isolated superstructure is flexible or the adjacent structures are stiff. Through parametric analysis, [14] , [13] studied the effects of pounding of a seismically isolated building with the surrounding retaining wall, revealing the damaging effects of structural impact on the effectiveness of seismic isolation. Considering a sliding isolation system with varying friction, [4] investigated the earthquake induced upper story pounding response of two buildings in close proximity. They concluded that the impact force is very high when the sliding friction coefficient is constant, while it becomes quite low when the friction coefficient is allowed to vary with velocity.
The combination of passive base isolators and feedback controllers (applying forces to the base) has been proposed in recent years. Some researchers have proposed active feedback systems, for instance, [5] - [7] . More recently, semi-active controllers have been proposed in the same setting with the hope of gaining advantage from their easier implementation (see, for instance, [6] , [22] ). It is accepted that passive, semi-active and active control systems installed in parallel with base isolation bearings have the potential of reducing responses of base-isolated structures more significantly than classical passive dampers [25] , [22] .
In this paper, the possibility of pounding and its mitigation of seismically isolated buildings is investigated using a recently proposed isolation system, referred to as roll in cage (RNC) isolator [9] , [11] , [10] , under NF ground motion, see Fig. 1 . The RNC isolator provides in a single Fig. 2 . The integrated buffer mechanism of the RNC isolator unit all the necessary functions of rigid support, horizontal flexibility with enhanced stability and energy dissipation characteristics. It has an integrated buffer mechanism to prevent excessive bearing displacements under strong seismic excitations. This means that pounding would take place within the RNC isolator itself, after exceeding a certain predetermined design bearing displacement, under earthquakes stronger than the design earthquake, so that pounding of the isolated structures itself with the adjacent structures is avoided. Therefore, the very likely damage due to structural pounding during strong earthquakes could be minimized or even avoided.
The approach of reducing pounding in this research is twofold: first by investigating the ability of the provided RNC isolator damping, by means of metallic hysteretic dampers arranged around the rolling body as seen in Fig. 1 , to limit the bearing displacement to be within affordable limits. Therefore, pounding may not take place. The second is by actively controlling, reducing, the isolated base displacement just before attaining the design bearing displacement, as demonstrated by Fig. 2 . This reduces the possibility of pounding or at least alleviate the severity of shock within the bounds of the RNC isolator and its undesirable effects on the isolated superstructure.
II. NEAR-FAULT GROUND MOTIONS
NF ground motions are characterized by one or more intense long-period velocity and displacement pulses that can lead to a large isolator displacement [12] , [18] . Therefore, five NF ground motions of different intensities and various velocity and displacement pulses are considered to assess the performance of the RNC isolator damping and buffer mechanisms. These NF ground motions were obtained from the near-most station to the fault rupture, with intensities that range from 0.27g to 1.23g to represent small to severe intensity earthquakes. The peak ground accelerations (PGA), velocities (PGV) and displacements (PGD) against their corresponding time instants of each ground motion are listed in Table I . On measuring the intensity of NF ground motions, [15] revealed that the peak ground acceleration is a better representative intensity measure than the peak ground velocity. Accordingly, the used NF ground motions are sorted by their PGA in an ascending order.
III. MODELING OF ISOLATED STRUCTURE
The RNC-isolated structure in this paper is a symmetric 3D building of 5 bays, each of 8.0 m span, with double end cantilevers, each of 2.5 m length, in each horizontal direction. It has 8 floors plus the isolated base floor with a typical story height of 3.0 m. The base isolated structure is modeled as a shear type supported on 36 heavy-load RNC isolators, one under each column. Each floor has 2 lateral displacement degrees of freedom (DOF) beside one rotational DOF around the vertical axis. However, due to the symmetry of the 3D structure, only one horizontal displacement DOF is considered at each floor and is excited by a single horizontal component of earthquake ground motion in its direction. The superstructure is considered to remain within the elastic limit during the earthquake excitation and impact phenomenon. The construction material of the isolated structure is normalweight reinforced concrete with a total material volume of 4068.36 m 3 and the structure has a total weight of 10170.90 tons. The fixed-base structure has a fundamental period of 0.436 sec and modal frequencies of 2.29, 6.80, 11.06, 14.94, 18.29, 21.02, 23.03 and 24.26 Hz for modes from one to eight, respectively. The structural damping ratio for all modes is fixed to 2.50% of the critical damping, see Fig.  4 .
The RNC isolator has three main forms as shown in Fig. 1 . In this study, the heavy loads form shown in Fig.  1 (c) is used to safely support the heavy column reactions. The designed RNC isolator for this study is 1.45 m high. The outer diameter of the upper and lower bearing steel plates is 2.73 m. It is provided with 8 hysteretic mild steel dampers of the shape shown in Fig. 1 , each has a diameters of 5.0 cm. This RNC isolator design allows for a horizontal design displacement of 53.0 cm, after which the integrated buffer stops the motion through impact within the lock mechanism shown in Fig. 2 . As shown in Fig. 1(c) , the heavy load form of the RNC isolator is provided with a hollow elastomeric cylinder around the rolling body to represent the main load carrying capacity, while the rolling body itself works as a secondary support in this case. The inner and outer diameters of the hollow elastomeric cylinder are 1.73 m and 2.33 m, respectively. This elastomeric part was initially designed to follow some available recommendations of the Uniform Building Code [1] and AASHTO [2] . At the end, the designed RNC isolator for this study can support up to 4000.0 kN vertically.
IV. INFLUENCE OF RNC ISOLATOR'S HYSTERETIC DAMPING
The RNC isolator is provided with a set of triple-curvature metallic yield dampers as shown in Fig. 1 , which render the device a hysteretic behavior [11] , [10] . Such curvatures are designed to allow for smooth extension and contraction of dampers during motion, provide adequate length of dampers to allow unrestrained rolling motion of the rolling body up to the buffer and to reduce or avoid stress concentrations at bends in order to increase the dampers working life. Three structures were employed in the parametric study performed in this section: the one described in Section III; the same structure but one time is 25% lighter in weight and the other time is 25% heavier. This to investigate the influence of the isolated structural weight on bearing displacement and pounding intensity. On the other hand, to investigate the influence of the provided amount of hysteretic damping by the RNC isolator on the bearing displacement and consequently on pounding, four designs of the RNC isolator of the form mentioned in Section III are considered. These isolator designs provide different amount of hysteretic damping that, relatively, ranges from low to high damping and referred to as RNC-1, RNC-2, RNC-3 and RNC-4, respectively. Then, all the RNC-isolated structures were subjected to the five earthquakes of Section II, one at a time, and the resulting bearing displacements as well as the pounding forces are displayed in Fig. 3 . Each earthquake is referred to by its serial number found in the first column from left of Table I. All the response quantities in this section were obtained by simulating the RNC-isolated structures using the structural finite element software SAP2000 [3] . The RNC isolator was modeled by activating the Plastic-Wen hysteretic element, where the buffer mechanism was represented by a nonlinear Gap element. The structure floors were modeled as rigid horizontal diaphragms while the columns were modeled with zero axial deformation and the structural mass is lumped at floor levels. The bearing displacements of RNC isolators RNC-1 and RNC-2 are displayed in Figs. 3(a,b) , respectively. The corresponding pounding forces are shown in Figs. 3(c,d) , respectively. It seems evident that increasing the isolator hysteretic damping decreases the bearing displacement. In some cases, pounding is avoided as the bearing displacement became lower than the design displacement. In other cases, where the bearing displacement is still higher than the design one, increasing damping alleviated the pounding intensity. Fig. 3 also demonstrates that pounding is always more intense in the case of isolated heavy structures, even if they exhibit closer bearing displacements to those of isolated lighter structures. Moreover, the pounding intensity is directly proportional to the amount of extra base displacement beyond the bearing design displacement and the heavier isolated structures are less responsive to increasing the isolator hysteretic damping than lighter isolated structures.
NF ground motions are rich in long period frequencies. This can lead to resonance conditions with seismically isolated structures of long fundamental periods causing undesirable higher bearing displacements. Such resonance seems obvious in this study under the first two earthquakes, particularly, using RNC-1 and RNC-2 isolators. Although the Kocaeli and the Imperial Valley earthquakes have the lowest PGA in Table I , the resulting bearing displacements are the highest, even are higher than those produced by San Fernando earthquake, which has the highest PGA among the used earthquakes. This is mainly attributed to the close structural and loading, dominant, frequencies.
Based on the above results, adding more hysteresis damping to the RNC isolator improves the behavior of the isolated structures in terms of reducing the bearing displacements and the resulting pounding intensity, if there is any. But, practically, this solution should not obstruct the isolator itself to achieve efficient isolation regarding reducing the peak absolute structural accelerations. To investigate that, the corresponding peak absolute structural accelerations of the case study shown in Fig. 3 were obtained and listed in Table II . The performance measure is taken as the reduction percentage of acceleration responses. This percentage (%) is expressed as:
whereẍ fixed−base is the peak acceleration of fixed-base structure andẍ RNC−isolated is the peak acceleration of RNCisolated structure. The negative values of % in Table II indicates the undesired negative effect of pounding on structural accelerations. From this table, the following conclusions could be drawn:
• Increasing the isolator hysteretic damping slightly reduces the peak accelerations of the isolated structure.
• Intense pounding of an isolated structure results in structural accelerations higher than those of its fixed base case. This becomes more obvious in structures with relatively light weight.
• Increasing the isolator hysteretic damping can remarkably attenuate the undesirable increase of the structural accelerations due to pounding.
• The RNC isolator can achieve high levels of structural accelerations reduction, especially under severe ground motions. • Where there is no pounding, isolation of light-weight structures is less efficient under low-intensity earthquakes compared to heavier structures under the same earthquakes. This isolation efficiency becomes higher under stronger earthquakes showing similar behavior to that of heavier structures under such strong earthquakes.
V. HYBRID RNC-ISOLATION
In this section, the RNC isolator is allowed to behave as a purely passive isolation system, with hysteretic damping, within a particular range of the design bearing displacement as denoted in Fig. 2 by ∆ p . Then active control force is applied over ∆ h , after which pounding will take place. The purpose of active control is to reduce the bearing displacement to avoid or even reduce pounding intensity, see Fig. 2 .
A. Modeling of RNC-isolated structure with active damping
The equations of motion of an N -story linear shear type superstructure subjected to earthquake excitation is written in the matrix form as:
where M s , K s , and C s are the N × N mass, stiffness and damping matrices of the superstructure, respectively; x s = {x 1 , x 2 , . . . , x N } T is the relative displacement vector of the superstructure;ẋ s andẍ s are the relative velocity and acceleration vectors, respectively; x j (j = 1, 2, . . . , N ) is the lateral displacement of the jth floor relative to the base mass; {1} = {1, 1, 1, . . . , 1}
T is the influence coefficient vector;ẍ b is the relative acceleration of the base mass; and x g is the earthquake ground acceleration.
The governing equation of motion of the base mass is given by
where m b is the suspended mass of the base raft; c 1 and k 1 are the damping and stiffness of the first story, respectively; η is the total number of RNC isolators; F b is the restoring force transmitted to the suspended base mass by a single RNC isolator and u is the active control force.
The RNC isolator restoring force is represented by the standard Bouc-Wen model [24] , [8] as:
where x is the displacement, z is an auxiliary variable, F b is the isolator restoring force, αkx is the elastic force component,ż denotes the time derivative, n > 1 is a parameter that governs the smoothness of the transition from elastic to plastic response, D y > 0 is the yield constant displacement, k > 0 and 0 < α < 1 represents the post to pre-yielding stiffness ratio (k b /k e ), while A, β and γ are non-dimensional parameters that govern the shape and size of the hysteresis loop.
B. Controler design
Two active control laws are considered in this study. The first is a simple static discontinuous active bang-bang type control, which was developed using only the measurement of velocity of the suspended base floor of an isolated structure as a feedback information [21] . The control force is expressed as:
where ρ is a design parameter andẋ b is the velocity of the suspended base floor of the isolated structure.
The second controller is based on using a passive static hyperbolic function depending only on the base floor velocity [20] . This function ensures energy dissipation capability with always bounded control force. The control law is:
where ρ > 0 and a > 0 are design parameters.
C. Parametric study
Using the RNC isolator, the expected pounding will take place within the isolator components when the displacement of the suspended base floor reaches the end of the bearing design displacement with considerable amount of kinetic energy. The undesirable pounding effects are then reflected first on the suspended base floor, as the first structural part connected to the RNC isolator, then spread through the isolated structure. Active damping is studied in this section as a possible mean of reducing the base floor velocity to reduce its kinetic energy and consequently to alleviate pounding intensity. Therefore, the value of controlled base velocity is considered as a measure of both the pounding intensity and the efficiency of control laws in this section.
The three isolated structures of Section IV were studied in this section along with only the RNC-1 isolator under earthquake 1. Active control force was applied over the whole range of the bearing design displacement, that is [1 cm -53 cm], with an increment of 1 cm. This is to check weather there is an optimum distance for applying the control force or not before the RNC isolator reaches the end of its design displacement. The resulting bearing displacements are plotted in Fig. 5 . This figure shows that the active control can reduce the bearing displacement especially when applied at smaller values of ∆ p and the heavier isolated structure is less responsive to active control force than lighter ones.
To investigate the influence of combining active control with the purely passive RNC isolator to reduces bearing displacement on the isolation efficiency, different values of active control force, using the first control law (6), were applied at three different values of ∆ p /∆ of 20%, 50% and 80%. The corresponding response quantities are found and listed in Table III under earthquake 1 using the three example structures. The main conclusion that can be drawn from that table is that the hybrid seismic isolation is more effective if the active control forces are applied at smaller values of the ratio ∆ p /∆ to avoid pounding. The resulting structural absolute accelerations are higher than those of purely passively isolated structures, which means that hybrid isolation adds more rigidity to the isolated structure. This decreases the structure-ground decoupling and consequently leads to less effective isolation. Moreover, the lighter the isolated structure the lower the control force and the more efficient the hybrid isolation. However, in all cases, the hybrid isolation provides higher structural accelerations than the purely passive isolation.
VI. CONCLUSIONS
In this paper, a recently proposed isolation system with hysteretic damping was used to study pounding mitigation under near-fault earthquakes. This isolation system is referred to as roll in cage (RNC) isolator. It has an integrated buffer mechanism to prevent excessive bearing displacements under strong seismic excitations. Since the pounding depends on the bearing displacement and the isolated base velocity, the influence of increasing the isolator's hysteretic damping and applying active damping on the bearing displacement and the base floor velocity, respectively, was studied with the aim of pounding mitigation or even its avoidance. Based on the performed study, the following conclusions were drawn: 1) Increasing the isolator hysteretic damping decreases the bearing displacement and consequently alleviates the pounding intensity.
2) The heavy-weight isolated structures are less responsive to increasing the isolator hysteretic damping than the light-weight ones. 3) Pounding is always more intense in the case of isolated heavy structures, even if they exhibit closer bearing displacements to those of isolated lighter structures. 4) Pounding intensity is directly proportional to the amount of extra base displacement beyond the bearing design displacement. 5) Increasing the isolator hysteretic damping slightly reduces the peak accelerations of the isolated structure. 6) Intense pounding of an isolated structure results in structural accelerations higher than those of its fixed base case. This becomes more obvious in structures with relatively light weight. 7) Increasing the isolator hysteretic damping can remarkably attenuate the undesirable increase of the structural accelerations due to pounding. 8) The RNC isolator can achieve high levels of structural accelerations reduction, especially under severe ground motions. 9) Where there is no pounding, isolation of light-weight structures is less efficient under low-intensity earthquakes compared to heavier structures under the same earthquakes. This isolation efficiency becomes higher under stronger earthquakes showing similar behavior to that of heavier structures under such strong earthquakes. 10) Hybrid isolation can reduce the bearing displacement to avoid pounding, particularly when the active control forces are applied at smaller values of the ratio ∆ p /∆. 11) Lighter isolated structures are more responsive to hybrid isolation using less control forces compared to the isolated heavier structures. 12) Hybrid control renders the isolation system more rigidity, which leads to less efficient isolation in terms of higher structural peak absolute accelerations compared to purely passive isolation system. 
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